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ABSTRACT 


The refractive index of a nonequilibrium cesium plasma is computed for the free 
electrons and the neutral atoms (GS^ to 7Pg^ 2 levels) at laser wavelengths of 0.6328, 

1. 1523, and 3.3914 fim. Densities of the neutrals were computed using quasi-steady- 

state solutions to the various level rate equations for typical thermionic diode conditions 

15 17 -3 

(initial cesium atom densities from 10 to 10 cm" and electron temperatures from 
1500 to 3000 K). The dominant contributors to the refractive index are the ground-state 
neutrals and the free electrons. The results indicate the usefulness of the technique to 
measure local cesium atom densities accurately. 
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REFRACTIVE INDEX - PARTICLE DENSITY CORRELATION FOR 
NONEQUILIBRIUM CESIUM PLASMAS PROBED BY A 
MULTIFREQUENCY HELIUM-NEON LASER 
by Richard B. Lancashire 
Lewis Research Center 

SUMMARY 

An analysis of the refractive index of a nonequilibrium cesium plasma such as exists 
in a thermionic diode is presented. The index is computed for typical diode conditions 
for which the initial cesium density is in the range of 10^ to 10 ‘ atoms per cubic centi- 
meter and for electron temperatures between 1500 and 3000 K. These ranges allow for 
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electron densities between 10 and 10 electrons per cubic centimeter. The refractive 
index is computed for individual species including the free electrons and the neutrals in 
the ground state and in excited states up to the ^ 2/2 ^ eve ^ Population densities of the 
neutrals were determined using quasi -steady -state solutions to the various level rate 
equations. The wavelengths at which the index is calculated are those associated with the 
helium (He) - neon (Ne) laser that can be used as a plasma interferometric probe. The 
results are presented in an experimentally usable form and indicate that the laser inter- 
ferometric technique is suitable to measure ground-state neutral atoms and free electron 
densities typically found in diodes. Excited neutral atoms appear to have a negligible ef- 
fect on the observed refractive index under most conditions. 

INTRODUCTION 

The current need for information concerning the composition of the plasma contained 
within the interelectrode space of a cesiated thermionic diode has demanded that new 
plasma diagnostic techniques be investigated. Emission spectroscopic techniques have 
been used quite successfully heretofore (ref. 1). However, the application of these tech- 
niques is limited to plasmas where the condition of local thermodynamic equilibrium 
(LTE) exists. In the LTE model, it is assumed that the distribution of the population 


densities of the various plasma particles is determined, at any point in time and space, 

by the local value of temperature that describes the distribution function of the species 

dominating the reaction ratio (L e. , the electrons). Only under situations of relatively 

high electron density is this condition realized in a cesium diode. That is, unless the 
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electron density is of the order of 5x10 per cubic centimeter or greater, departures 
from equilibrium can be significant. 

The advent of the gas laser interferometer (ref. 2) has created new possibilities of 
probing the interelectrode space of a diode. It offers as good spatial resolution (ref. 3) 
as emission spectroscopy and is capable of measuring electron densities down to 10** per 
cubic centimeter or lower (ref. 4) without relying on the existence of local thermodynamic 
equilibrium. The parameter that it measures is the refractive index of the plasma. Not 
only free electrons but also ground-state and excited-state neutrals can contribute to the 
index. The application of the technique, however, has been generally limited to inert gas 
plasmas, where the free electrons are the chief contributors to the index at the laser 
wavelengths used. Unless the neutrals far outnumber the electrons in this type of plasma, 
the contributions of the neutrals is negligible because of the large energy gap which exists 
between the ground state and the first excited state in the inert gases. 

However, in an alkali vapor plasma, such as a cesium arc, a different situation 
exists. Not only ground-state transitions but also allowed first and higher excited-state 
transitions correspond to the wavelength range in which most gas lasers operate (0. 5 to 
3. 4 /im). Hence, these states must be considered when probing a cesium plasma with a 
gas laser interferometer. 

The purpose of this report is to compute and determine the significance of the contri- 
butions to the refractive index of the species constituting a nonequilibrium cesium plasma. 
The data are computed for a nonequilibrium plasma since this is the state in which the 
thermionic converter operates. The wavelengths chosen for the computations are those 
of the widely used helium-neon laser, 0. 6328, 1. 1523, and 3. 3914 /im. 


SYMBOLS 

o 

c speed of light in vacuum, 2.9979x10 m/sec 

E energy measured from continuum, J 

-19 

e electronic charge, 1.602x10 C 

f oscillator strength 

g statistical weight 

-14 

K Planck's constant, 1.0545x10 J-sec 
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_OQ 

k Boltzmann's constant, 1.38054x10 J/K 

-31 

m electron rest mass, 9. 1091x10 kg 

_3 

N particle density, cm 

n-1 refractive index 

£ 

R recombination coefficient, cm /sec 

S ionization coefficient, cm /sec 

T temperature, K 

3 

a polarizability, m 

12 2 2 

e Q dielectric constant in vacuum, 8.85x10" C /(N)(m ) 
X wavelength, pm 

u> radial frequency, sec”* 

2 6 2 1 
or plasma frequency, 10 e N e /e Q m, sec” 1 

Subscripts: 

e electron 

i, j,k quantum state of atom 

0 initial condition 


METHOD OF CALCULATION 


The determination of the refractive index of a plasma is made by summing all of the 
individual contributions of the plasma species (ref. 1). The index of a given species can 
be described in terms of a dispersion formula involving the characteristic absorption fre- 
quencies of the atom, or in terms of the polarizability, a frequency -dependent quantity 
defined as the dipole moment induced in the atom per unit applied electric field. The 
common expression for the refractive index is 


(JO 

n(u>)-l = -1 _E - SxlO 5 ^ N.a. 

9 9 . J ] 


2 a, 2 


( 1 ) 


where the first quantity on the right side is the contribution due to the free electrons. 
The second quantity is that due to all other species j. In a cesium arc discharge, the 
number of atoms in excited states can become appreciable, and negative terms corre- 
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sponding to induced emission to lower energy states have to be included in the dispersion 
formula. Hence, 


where 


and 


n(o>)-l = - 5xl0 5 Y' 
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e m g. / ,2 , ,2 

o y - w.. 


( 2 ) 


The subscript k (on a?) refers to upward transitions of j to k, and i refers to down- 
ward transitions of j to i. The foregoing definition of the polarizability a assumes 
that the difference between the probing frequency and a particular transition frequency is 
greater than the damping term (a line -broadening phenomenon) which would otherwise 
appear in the denominator (see ref. 3). 

In order to determine the number of terms necessary for an adequate summation in 

equation (2), one must consider the relative magnitudes of the population densities N., 

2 2 3 

the nearness of a given transition frequency to the probing frequency u) - c<Jj k , and the 
oscillator strengths of the various transitions fj k . The fact that the frequency of a par- 
ticular transition is very close to the probing frequency does not necessarily mean that 
that transition is the dominant factor in the contribution of that species to the refractive 
index. The reverse, of course, is also true. However, the upper excited states (i. e. , 
those close to the series limit) in any gas are generally populated to a much lesser extent 
than those near the ground state, and thus their contribution to the total refractive index 
can be ignored. 

The examination of cesium energy level tables (ref. 5), if only allowed transitions 
are taken into consideration, indicates that eight species besides the free electrons could 
possibly contribute significantly to the refractive indices at the designated probing fre- 
quencies. Those species are the ground state atoms and the excited atoms in the states 
up through the ^P^/2 ^ eve ^ Table I lists the wavelengths (co = 2ir c/A) and their respec- 
tive oscillator strengths for both upward and downward allowed transitions from these 
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first eight energy states of cesium. Only the very highest energy states, with their 
corresponding minute oscillator strengths for lower level transitions, have been omitted 
from this table. 

Table II is a compilation of the quantity, shown in equation (2) as 



for the individual species at the three different laser wavelengths. The product of a tab- 
ulated value and its respective number density is the contribution of that species to the 
total refractive index. Note that many polarizability terms for the higher excited states 
have larger magnitudes than those for the ground-state terms. These tables indicate the 
sensitivity of the total refractive index to the species number densities. This fact is, of 
course, the primary reason for measuring the refractive index of a plasma. 

The populations of the various energy levels are functions of the thermodynamic state 
of the plasma. If the plasma exists in a state of thermodynamic equilibrium (i. e. , all 
species are characterized by the same temperature), the relation between the densities 
of the various states and the free electron density is given by the well-known Saha equa- 
tion 


N. 


^SAHA 



( 3 ) 


However, the plasma in a cesiated thermionic diode is not, in general, in thermodynamic 
equilibrium: although it can exist in a state of local thermodynamic equilibrium, if the 
electron density is sufficiently high (>5x10 cm ). Maximum free electron densities of 
the order of 10*^ per cubic centimeter are possible (ref. 1) in the plasma. However, 
densities several orders of magnitude lower are more representative and, therefore, 
substantial deviations from equilibrium are encountered. Hence, equation (3) fails to 
yield adequate values for nonequilibrium particle densities. For the purpose of computing 
the plasma refractive index, this report utilizes a method for determining nonequilibrium 
particle densities in which the rate of change of neutral concentration is equated to the 
net ion production rate: 
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TABLE I. - OSCILLATOR STRENGTHS AND WAVELENGTHS FOR ALLOWED UPWARD AND DOWNWARD TRANSITIONS FROM LOWEST EIGHT STATES IN CESIUM 

[Values are for upward transitions unless otherwise indicated.] 

Lowest energy states in cesium 


6S l/2 

6P l/2 

6 P 3/2 

5D 3/2 


5D 5/2 

7S l/2 

7P l/2 

7P 3/2 


Oscil- Wave- 

Oscil- 

Wave- 

Oscil- 

Wave- 

Oscil- 

Wave- 

Oscil- Wave- 

Oscil- 

Wave- 

Oscil- 

Wave- Oscil- 

Wave- 

lator length, 

lator 

length, 

lator 

length, 

lator 

length, 

lator length, 

lator 

length, 

lator 

length, lator 

length, 

strength, X, 

strength, 


strength, 


strength, 

X, 

strength, X, 

strength, 

X, 

strength, 

X, strength, 

X, 

f Mm 

f 

jim 

f 

jim 

f 

Mm 

t i±m 

f 

Mm 

f 

(im f 

Mm 


c -0.394 

0.8943 

| c -0. 407 

0.8521 






c -0.284xl0“ 2 

0.4593 c -0. 847xl0” 2 

0.4555 


0. 284x10 0.4593 

.174X10' 1 .4555 


3.0109 0.211x10 3.6128 

.204 3.4897 

1.3588 .208 1.4695 


-0.125 3.0109 -0.171 1.3588 - 

c -.211xl0~ l 3.6128 c -0. 136 3.4897 c -.416 1.4695 - - 

3.6128 - c -0.326xl0" 1 1.3758 c -0.208xl0“ 2 1.3424 

3.4897 C -.229X10 _1 1.3602 

1.4695 - - c -0. 556 3.0949 c -.557 2.9307 


0.8677 0.397X10 1 0.9208 


0.163x10 1.3758 - 0.556 

.208xl0' 2 1.3424 0.153X10" 1 1.3602 1.115 


1.0024 0.324 


12.1436 0. 320x10” 15.5662 

.309 11.5416 

3.9181 .333 4.2173 


0. 349x10"^ 0.3876 


r 1 

0.6723 

0. 110X10" 1 0.6983 

— 


.951X10 -1 .6973 

r 2 

0.6354 

.687X10' 2 .6587 


. 229x10 .8918 


0. 516x10” 1.3936 


.299xl0' 3 l .8853 0.218xl0" 2 0.8930 .2558x10 1 1.3779 


2.3352 0. 340x10 2.4383 


0.8016 0.127 



9P l/2 

9P 3/2 

8D 3/2 

8D 5/2 

10S l/2 

6F 

0. 725X10" 4 

0.3618 






.772xl0" 3 

.7609 



0.620xl0“ 3 

1.0986 




— 

.125X10" 2 

.3612 

0.419X10' 1 

0.6010 

0. 480X1O" 2 

0. 6218 

. lOOxlO" 3 

.7584 

0. 733X10" 3 

0.7640 

. 502xl0~ 2 

1.3777 

0.822X10" 1 

1.6541 

0.105X10” 1 

.890X10" 1 

1.7051 












.6213 



1.7018 



0.326X10' 2 

0.5839 

0. 299x10 2 







0. 964X10' 2 

1.5303 

.6034 

.842xl0~ 2 

1.5739 

























10P l/2 

10P 3/2 

9D 3/2 

9D 5/2 

US l/2 

7F 

Q.289X 10" 4 

0.3481 





.357X10 -3 

.7027 



n i7n*in“® 

0.9811 
















. 620X10 -3 

. 3478 



0.250X10" 2 

0. 5847 

. 450X10" 4 

.7013 

0. 335xl0' 3 

0. 7064 

. 187xl0" 2 

.9785 

0.391X10" 1 

1.4158 

0.470X10" 2 

1.4530 











. 223x10"* 

. 5845 



.410X10' 1 

1.4515 



0.193X10" 2 

0. 5568 







0. 501X10” 2 

1. 3579 

.186X10' 2 

.5746 

•455X10" 2 

1.3921 

























11P l/2 
UP 3/2 
10D 3/2 
■ 10D 5/2 

12S l/2 

8F 

12P l/2 

12P 3/2| 

11D 3/2 

11D 5/2 

9F 

10F 

0. 124X10" 4 

0.3401 





. 199X10' 3 

. 6708 | 



.620X10" 4 

0.9200 





.356X10” 3 

.3399 

0. 139x10'* 

0. 5466 

0. 150X10" 2 

0.5637 

. 248X10' 4 

. 6700 j 

0. 184xl0" 3 

0. 6746 j 

.911X10" 3 

.9186 

0.221X10” 1 

1.2982 

0.260X10' 2 

1.3295 






.135X10" 1 

.5635. 



. 228x10”^ 

1.3286 


0, 122X10' 2 

0.5407 




0.287X10' 2 

1.2658 

.117X10" 2 

.5574 

.259X10' 2 

1.2954 


0. 235X10" 1 

0.6586 

0.241X10' 1 
. 270xl0~ 4 

0.6629 

.8834 










0.620X10" 5 

0.3350 























.208X10" 3 

.3348 

.486xl0" 3 

.8824 

0.920X10' 2 

0. 5341 

0. 100X10' 2 

0.5504 





0.139x10" 1 

1.2299 

0.160X10' 2 

1.7579 















. 880xl0 -2 

.5503 



. 142X10' 1 

1.2574 







0. 164X10' 1 
115*10 -4 












n i finvin ” 1 

0.6432 

.6326 

0.6473 

.6366 













.114X10' 1 





















d Ref. 13. 
b Ref. 5. 

c Downward transitions. 


TABLE II. - RATIO OF REFRACTIVE INDEX TO SPECIES 


NUMBER DENSITY AT LASER WAVELENGTHS OF 
0.6328, 1.1523, AND 3. 3914 MICROMETERS 


Species 

Wavelength, X, p. m 


0.6328 

1. 1523 

3.3914 


Ratio of refractive index to species number 

(n • x )i -3 

density, J , cm 

N. 

J 

6S l/2 

-4. 6331X10' 22 

9.4344xl0" 22 

4. 3730X10' 22 

6P l/2 

-2. 6249X10" 22 

-5. 9155X10' 22 

49. 8640xl0‘ 22 

6P 3/2 

0. 7739X10' 22 

-3. 8464X10' 22 

-195. 9200X10' 22 

5D 3/2 

32. 3110xl0" 22 

7. 4565X10' 22 

-12.5300X10' 22 

5D 5/2 

-5.2077X10' 22 

8. 4110X10' 22 

129. OOOOxlO' 22 

7s 1/2 

-1. 9284X10" 22 

-2.2607X10’ 22 

306. 3500X10' 22 

7P l/2 

-0. 9329X10' 22 

-4. 8360X10" 22 

-208. 6300X10' 22 

7P 3/2 

-1.2357X10' 22 

-5. 6971X10' 22 

-132. 2600xl0" 22 

Electrons 

-1. 7967X10' 22 

-5. 9575X10' 22 

-51. 6050X10' 22 


dN. 

3 _ 

dt 


/Net electron-neutral collision- 
induced ionization and re- 
i combination rate 


( Net electron-neutral collision- 
induced excitation rate for 
atomic transitions 


'Net radiative decay rate 
.from atomic levels 


( Net radiative re-' 
combination rate 


(4) 


When the total number of atoms in excited states is small, the set of equations (4) is con- 
siderably simplified. In that case, the rates into and out of each excited state are very 
large compared with the rate at which their population changes (refs. 6 and 7). There- 
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fore, the excited states assume quasi- steady -state populations while the ground state and 
electron (ion) densities change. Equation (4) produces an infinite set (i.e. , j level) of 
equations. However, reference 8 reduced the set to a finite number by stipulating the 
highest levels (those with binding energies < 0. 14 eV) to be in local thermodynamic 
equilibrium, and thus their populations are given by equation (3). This approach allowed 
26 nonequilibrium levels to be considered (each multiplet was coalesced into a single 
level). Following references 7 and 8, the time dependence of the system is then well de- 
scribed by 


dN. 

— i = 0 for 2 < j < 26 (5) 

dt “ ~ 

dN dN! 

= — - = RNg - SN N, for j = 1 (6) 

dt dt e e 1 

where R is the effective collisional radiative recombination coefficient, and S is the 
ionization coefficient. Ignored in these equations are atom -atom and atom -ion collisions 
because of their relatively low excitation and ionization rates compared with electron 
rates. Molecular processes are also neglected primarily because of recent experimental 
observations obtained from cesium diodes (refs. 9 and 10). The electron velocity distri- 
bution was assumed to be maxwellian, which appears to be a good approximation at tem- 
peratures greater than 2000 K (ref. 11). 

The results of the computations in reference 8 yielded the contributions of the con- 
tinuum and the ground state to the population of each level. These are the results that 

have been used in the present report to compute the populations of the lowest eight energy 

12 13 14 18 

levels for electron densities of 10 , 10 , 10 , and 10 per cubic centimeter and for 

18 

electron temperatures of 1500, 2000, 2500, and 3000 K. For the condition N 0 = 10 per 
cubic centimeter, the plasma was assumed to have reached the equilibrium state. For 
the purposes of these computations, 100-percent trapping of the resonance transition ra- 
diation was assumed. 


RESULTS AND DISCUSSION 

The particle densities computed at the conditions stated previously were combined 
with their respective polarizability function from table II to obtain their contributions to 
the plasma index. In order to present these results in an experimentally feasible form, 
a quantity Nq is defined as the initial total atom density. For a neutral plasma, 
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N 0 = £V N e 


m 


This density can be considered as that which is determined from the vapor pressure of 
the cesium and the gas temperature in the interelectrode space. This temperature is 
generally approximated to be a linear function of the emitter and collector temperatures. 

For normal cesium diode operation (e.g. , see ref. 12), the values of N n will fall within 
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a range between 10 and 10 per cubic centimeter. This range encompasses vapor 

2 

pressures from 0. 2 to 10. 0 torr (26. 7 to 1336 N/m ) and gas temperatures from 900 to 
1800 K. 

The computed refractive index values are plotted as a function of Nq and electron 
temperature T e and are presented in the following order: Figures 1 to 3 show the vari- 
ation of the total or observed refractive index at three different wavelengths; figures 4 
to 6 show the variation of the free electron refractive index; and figures 7 to 15 show the 
variation of the refractive index of the neutral particles including the ground state and 
the first two excited doublet states. Since the algebraic sign of the individual indices 
varies with species, only the absolute values are plotted. The actual sign may be ob- 
tained from the respective entries in table n. 

In order to interpret the plots, certain conditions must be stipulated as to accuracy 

and range of experimentally observable quantities. At any of the three wavelengths, it 

has been shown (refs. 2 and 4) that the £(n-l) can be experimentally observed to within 
—8 

±1x10” . This is a high degree of accuracy since, for typical plasma and interferometer 
dimension, the range of measurable values of £(n-l) is between 10~° and 10” . How- 
ever, the value of Nq is considerably less accurately known experimentally from vapor 
pressure measurements. In fact, a 5° to 10° error in vapor temperature measurement 
(cesium reservoir temperature) can cause a 20- to 40-percent error in the density value. 
It is therefore obvious from figures 1 to 3 that one of the quantities obtainable from a 
total refractive index measurement is a fairly accurate value of the initial cesium density. 
This conclusion is particularly valid when the electron temperature is below approxi- 
mately 2250 K (figs. 1(b), 2(b), and 3(b)). At higher electron temperatures, either 
knowledge of the temperature (e. g. , spectroscopic observation) or dual wavelength 
measurements would be necessary to determine Nq. 

Since the slopes of the curves in figures 1(a), 2(a), and 3(a) are not all one, other 
species besides neutrals have an influence on the total refractive index. The effect of 
the free electrons is small at 0. 6328 pm, and it only becomes significant at 1. 1523 pm 
when the electron temperature is above 2500 K. However, at a wavelength of 3. 3914 pm, 
the free electrons become significant at temperatures greater than 2200 K. At around 
2600 K, the electrons become the dominant contributor to the total refractive index at 
3.3914 pm (fig. 3). Figures 4 to 6 show the individual contribution of the electrons. It 
is quite apparent that, in order to separate their effect from the total refractive index, 
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dual wavelength observations at 3. 3914 pm and preferably at 1. 1523 pm must be em- 

O 

ployed. On the basis of making an observation of (n-1) of approximately 5x10 at 

G 12 3 

3.3914 pm, the minimum electron density measurable would be about 9x10 cm per 
cubic centimeter. An added bit of information obtainable from figures 4 to 6 is the frac- 
tional ionization at various temperature and initial density conditions. The ratio of the 
ordinate to the abscissa at any point in these figures is proportional to the fractional ioni- 
zation. The proportionality constant is obtained from table II. The maximum fractional 
ionization obtained in this manner is 26 percent. This definition of fractional ionization 
follows that of reference 11. 

The effect of the ground-state neutrals is shown in figures 7 to 9. At the relatively 
low electron temperature of 2000 K, these curves are identical to the total refractive 
index curves. This indicates that the unexcited neutrals are the dominant species at these 
temperatures as far as interferometric measurements are concerned. At the higher tem- 
peratures and, in particular, at a wavelength of 3.3914 pm, other species play an impor- 
tant part. Note also that, at higher initial cesium densities, the effect of other species 
diminishes. These conditions would correspond to cesium pressures of the order of 
10 torr and/or low gas temperatures encountered near the collector surface in a diode. 

In addition to the free electrons and the ground- state neutrals, excited neutrals could 
possibly have an effect on the total refractive index. Figures 10 to 15 present these ef- 
fects for the three different wavelengths. Only the 6P and 5D states are plotted since 
they would have the highest densities of any of the excited states. As is evident from the 
figures, even these states offer little contribution to the total refractive index under most 
conditions. However, it does appear that care must be exercised when the 3. 3914-pm 
wavelength is used for probing a plasma in which the electron temperature is approxi- 
mately 2500 K or greater. In this temperature range and when the initial atom density 
1 fi 

is of the order of 10 per cubic centimeter or greater, the contributions of the electrons 
and the excited neutrals are about equal and are within an order of magnitude of the 

ground-state contribution. In this same range, the excited neutrals have a con- 

tribution that is approximately one-fifth that of the GPg /2 neutrals. It is, therefore, ob- 
vious that multiwavelength measurements are necessary if separation of the species ef- 
fects is desired since the other wavelengths, 0. 6328 and 1. 1523 pm, are sensitive only 

to the ground-state neutrals. At very high electron temperatures (3000 K) and at low ini- 

15 -3 

tial atom densities (10 cm ), the electrons can, though, contribute significantly at 
these wavelengths. 

It is interesting to note the slopes of the curves in figures 10 to 12. They are essen- 
tially one for electron temperatures less than 2500 K. This is indicative of the fact that 
the populations of the first excited doublet states (6P]y2 and ^ 3 / 2 ) 3X6 P ro P or tional to 
the ground- state neutral density at a given temperature and thus follow the Saha relation 
of equation (3), or the well-known Boltzmann distribution. Since 100 -percent trapping of 
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TABLE IB. - POPULATION DENSITIES OF ENERGY STATES 


7Sj/ 2 , 7PJ/2’ A 1 ® 7P 3/2 AS COMPUTED AT VARIOUS 


ELECTRON TEMPERATURES AND DENSITIES 


Electron 


-3 

Particle densities, cm 


temper- 






ature, 

T 

N e 

N o 

N 7S 

7S l/2 

N 7P 

7P l/2 

N 7P , ' 

‘ p 3/2 

K 






1500 

10 12 

1.844X10 19 

1.096xl0 10 

1.032X10 8 

2.065X10 8 


10 i3 

7.202X10 19 

3.341X10 11 

4. 576xl0 9 

9.151X10 9 


lO 1 *" 

1.295X10 21 

1.877xl0 13 

3.428X10 11 

6.856X10 11 


10 15 

8.579X10 22 

1.630X10 15 

3.287X10 13 

6.573X10 13 

2000 

10 12 

4. 682X10 15 

3.275X10 8 

6.659X10 6 

1.332X10 7 


10 13 

2.044X10 16 

1.020X10 10 

2.892X10 8 

5. 783xl0 8 


-sb 

r*H 

o 

r-4 

4.264xl0 r7 

5.596X10 11 

2.255X10 10 

4. 510X10 10 


10 15 

2.993X10 19 

4.841X10 13 

2. 178X10 12 

4.357X10 12 

2500 

10 12 

3.060X10 13 

3. 769X10 7 

1. 191xl0 6 

2. 381x10® 


10 13 

1.500X10 14 

1. 167X10 9 

5. 122X10 9 

1. 024x10® 


10 n 

3.323X10 15 

6.279X10 10 

4.087X10 9 

8. 173xl0 9 


10 lb 

2.352X10 17 

5.442X10 12 

3.963X10 11 

7.927X10 11 

3000 

10 12 

1.957X10 12 

8.613X10 6 

3.621x10® 

7.240X10® 


10 13 

1.483X10 13 

2.618X10 8 

1. 543xl0 7 

3.085X10 7 


10 14 

2. 188xl0 14 

1.389X10 10 

1.245X10 9 

2.490X10 9 


10 lb 

9.817X10 15 

1.205X10 12 

1.210X10 11 

2.420X10 11 


resonance radiation was assumed when the population densities were computed, this local 
equilibrium effect is to be expected. However, this equilibrium condition between the 
ground state and excited states does not extend to the second excited doublet states 
( 5 Dg /2 811(1 ^ 5 / 2 ) since the curves in figures 13 to 15 are nonlinear at all temperatures. 

The contributions of the higher excited states considered in this analysis can be ob- 
tained from tables n and in. Table HI lists the computed population densities of the 
7Sjy2> 7 ^ 1 / 2 ’ 311(1 ^3/2 slates together with their respective values of Nq. It is evi- 
dent from these tables that, under almost all conditions, the contributions of these states 
to the total refractive index are negligible. 


CONCLUSIONS 


The analysis of a nonequilibrium cesium plasma indicates that the density sensitivity 
characteristics of gas laser interferometry can be effectively utilized. Although it is 
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highly sensitive to the unexcited neutrals in the plasma, the effect of the free electrons 
can be separated from the total effect through the use of multiple laser probing fre- 
quencies. Excited neutrals offer limited, if any, contributions to the refractive index 
that is observed and therefore can be neglected under most conditions. 

One of the more important applications of the interferometric technique is the meas- 
urement of local values of cesium atom density which previously had to be inferred from 
reservoir vapor temperature measurements. A single experimental observation can ob- 
tain this measurement when the plasma electron temperature is of the order of 2200 K or 
lower. 

It is apparent from the data presented that the electron temperature of the plasma, 
when it is above 2200 K, is a dominant factor controlling the experimental ability in 
separating the individual refractive indices of the species. If the electron temperature 
is known from some other source, such as emission spectroscopic measurements, the 
individual species effects are easily separable. However, temperature measurements 
obtained from the spectroscopic technique assume local thermal equilibrium conditions 
exist. Therefore, these measurements must not be regarded as being completely accu- 
rate. If all the laser wavelengths are used, nonequilibrium values of electron tempera- 
ture may be obtained. The accuracy of these measurements would be controlled not only 
by the experimental limitations discussed previously but also by the validity of the analy- 
sis used to relate electron temperature, electron density, and neutral density (i.e. , the 
Norcross and Stone analysis). Experimental verification is needed to determine this ac- 
curacy. Laser interferometry can yield particle densities directly and thus can shed 
some light on the validity of ionization and recombination analyses of thermionic diode 
plasmas. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, May 6, 1969, 

129-02-01-05-22. 
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(a) Initial cesium density. (b) Electron temperature. 


Figure 1. - Total refractive index at 0.6328 |jm as function of initial cesium density. 
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gure 7. - Ground-state refractive index at 0. 6328 pm as Figure 8. - Ground-state refractive index at 1. 1323 (jm as 

function of initial cesium density. function of initial cesium density. 
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Figure 9. - Ground-state refractive index at 3.3914 jjm as 
function of initial cesium density. 
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